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Introduction. The electroacoustic application of wear- 
resistance coatings is studied. The work objective is to obtain a 
mathematical model of the ultrasonic effect on the formation 
and development of an electric spark occurring in the process 
of the electroacoustic sputtering. 

Materials and Methods. The effect of ultrasonic vibrations on 
the processes occurring during the formation and development 
of a spark discharge is analyzed; the equations of continuity, 
energy motion and transfer, with the ultrasonic field 
contribution are considered. Factors affecting the thermal 
conductivity and electrical conductivity of strongly ionized gas 
are studied. 

Research Results. When obtaining the model, it was assumed 
that the heat removal from the channel is carried out by a 
“clear emitter”. Then, for the channel region, a self-similar 
solution is made: pressure, temperature and density are 
constant over the cross-section, and velocity is proportional to 
the radius. A mathematical model that describes the processes 
occurring in the spark channel with the ultrasonic field energy 
effect is obtained. 

Discussion and Conclusions. On the basis of the developed 
model, it is specified that under the ultrasonic radiation effect, 
the radius and temperature of the spark channel increase, and 
conditions of the double ionization under high ultrasonic 
energy are created. 
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Beedenue. CtTaTba MOcBalleHa W3yYeHHIO mpollecca 
93IEKTPOaKYCTHYeCKOTO HaHeceHHa VM3HOCOCTOHKHX 
mokppirH. Llembro padoThl saBiaeTca nomyyeHne 


MaTeMaTH4eCKOi MOJeIM BIMAHUA yIbTpa3sByKa Ha MIpOrecchl 
(opmupopaHua uM  pa3sBHTHA  9seKTpH4eckKoii 
Tiporecce 


YCKpBI, 
mpoucxoysmmeli = iB 9JIEKTpOaKyCTH4YeECKOTO 
HaribuieHHA. 

Mamepuansi u memoovi. B ocHope axalM3a BIMAHHA 
YIIbTpa3BYKOBbIX KOJIeOaHHi Ha MIpoOuecchl, mpoTeKaromHe 
pH dopmMupopaHvuH UM pa3BHTHH MCKpoBoro pa3psaya, 
PaccMOTpeHbI ypaBHeCHHA HelIpepbIBHOCTH, JBY2KeHHA HU 
llepeHoca 9HeprHv C yYeTOM BKJlajja yIbTpa3BYKOBOTO TOIL. 
YutTeHbI (akTOpbl, BIMAOUIMe Ha TeMIOMpOBOAHOCTh U 
93JIEKTPONPOBOTHOCTh CHJIbHO HOHH30BaHHOLO ra3a. 
Pesyasmamei uccaedoeanua. Iipu nomysaenun Moyen OBuiM 
CieaHbl TpeqWOOKeHHA, 4YTO OTBO Tella M3 KaHasla 
OCYIJeCTBIAeTCA «pO3payHbIM U3yyaTesem». Torga ia 
oOsacTH KaHasIa ObWIO MPHHATO aBTOMOJelIbHOe pelleHue: 
aBlenue, TeMileparypa WW IWJIOTHOCTb TOCTOAHHbI 10 
CeYeHHHO, a CKOPOCTS NponopuMoHabya payuycy. onyaena 
MaTeMaTH4eckas ONMCbIBaIOlad —s HIPOIeCCBI, 
lmpoTekaroujve B HCKPOBOM KaHasie Cc y4eTOM BJIMAHHA 


MOJIEIIb, 


3HeprHu YIbTpa3sByKOBOPO TOJIA. 
O6cyarcdenue u 3akmo4uenus. Ha ocHoBaHuu WocTpoeHHoli 
MOJeIM yCTaHOBJIeHO, 4YTO NOX WelicTBueM yiIbTpa3Byka 
YBCJIM4YMBACTCA payMyc HW TeMIlepaTypa MCKpOBOrO KaHalla, a 
TakWKe CO3JaKOTCA yCJIOBHA JByKpaTHOH MOHH3allMH pH 
BbICOKHX 9HEPrHAax YIbTpasBykKa. 


Kosro4ueBbie 
ylpouHeHue, 


COBa: + 9JIeEKTpoakycTHyecKoe 
ynpouHsrouye 


BbICOKOKOHIUCHTPHPOBaHHble MOTOKH 9Heprun, yiIbTpa3ByK, 


HaliblIeCHHe, 
TIOKPbITHA, 


SIEKTpHAecKaAr MCKpa, MaTeMaTHuecKar MOJICJIb, 


TOKONpOBO TALIM KaHaJI, TCDMOJMHaMiKa, HOHHM3alnA. 
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Introduction. When applying wear-resistant coatings by electroacoustic spraying, a relatively narrow 
conductive channel with high temperature and ionization is formed, in which Joule heat is released, which leads to an 
increase in pressure and expansion of the channel. The expanding channel acts like a piston on the rest of the gas, and, 
since the expansion occurs at supersonic speed, it causes a shock wave, which propagates in front of this kind of piston. 
The temperature in the shock wave region is much higher than in the undisturbed gas, and the temperature in the 
channel itself is many times higher than in the shock wave. Accordingly, the density of the gas in the channel is very 
small; the vast majority of the mass of the moving gas is displaced from it, which makes it possible to consider the 
channel boundary as a piston [1]. 

The very fact of the formation of a narrow channel can be understood as follows: under the ultrasound action, 
as well as after the gas breakdown and the appearance of conductivity in the places of the current flow, Joule heat is 
released. The electrical conductivity of the gas is known to increase strongly with temperature. Thus, at a high degree of 
ionization, when the collision of electrons with ions is significant, the electrical conductivity is proportional to 7%”. 
With small ionization, this dependence is sharper, since with the growth of 7, the degree of ionization rapidly increases, 
and, consequently, there is a tendency to the current concentration in a relatively narrow channel. In places where the 
temperature is higher, the conductivity of the current is greater, so there is more current flowing, and more heat is 
released. This leads to even more heating and so on [2]. 

Physical processes determining the width of the channel and the limit of current concentration is heat transfer 
from the channel and the extension of the heated area under the action of pressure. The channel can be considered to be 
the area to the point where the temperature and the degree of ionization decreases significantly. In the channel, the 
inertia of the gas can be neglected, but it is necessary to take into account the release and transfer of heat. In the shock 
wave region, inertia must be taken into account, but electrical and thermal conductivity can be neglected. These two 
areas are separated by a transition layer — the “shell” of the channel. Heating and ionization of the gas entering the 
channel occurs in the shell [3, 4]. 

Materials and Methods. The main equations are the equations of continuity, motion and energy transfer 
taking into account the action of the ultrasonic field. They have the form of [5, 6] 

dp_y OP, a(rV) _ (1) 
ot or ror 





(2) 


OV _OV)\ Op 
+V + =0 
(e _ or (3) 


2, 2 fa) 
per Pe be rpV pa! + (0) _ jesu 
ot 2 ror p 2 ror 


where ( is density, V is velocity, p is pressure, € is internal energy per unit mass of gas, q is heat flux, / is 











current density, E is electric field, U is contribution to the ultrasonic field. 
The equation of state has the form 


p=(n,+n,)T =pT(z+1)/m, (4) 
where m, is the average mass of an atom; 7,,n; is the number of electrons and ions per unit volume; z is the 


average charge of an ion; n.=zn,. Temperature is expressed in energy units. 
We assume that the ionization in the channel can be calculated by Saha ionization equation. The internal 


energy of the gas is 

3p I pls. 7 (5) 

e= i +—= + 
2p m, pl2 (zt+I)T 


where / is the total ionization energy plus the dissociation energy per atom. The formula (5) is convenient to 





use in the case of full ionization; with incomplete ionization with increasing 7, the value of / also increases. At the same 
time, as follows from Saha ionization equation, //T~const, so for €, the following formula is more convenient: 
1 
e=— iz 
y-1P 
(6) 
where /is the effective adiabatic index; for air y=1.22. 


Electrical conductivity O and thermal conductivity v of highly ionized gas are equal to 
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o=0,(T)T*? =30'(z)T%” /(4e? l2nm.) 
(7) 
aie” 
Here, e, m is the charge and mass of an electron, a= In(37 ue / (ze? 4nn,)), Oz) is the dimensionless 


coefficient. For z=1, the value is 0/= 1.95. The value y e*/o7 , under the Wiedemann—Franz law, of the Ist order. For 


A=5 O1(1)=3,4.1013sec—leV-3/2, 

X1(1)=3,9.1020 cm-1 sec-leV-5/2. 

Research Results. Let us suppose that the time dependence of the channel radius, the boundary of which plays 
the role of the piston displacing the gas, has the form of a(t)=Atk; the motion in the shock wave region is determined by 
two dimensional parameters A, /. 

In the equations (4)-(6), we introduce dimensionless notation (a, — the radius of the wave front) 





x=r/a.(t), p'(x)=p/Po> V'(x)=V/4.. P(x) = P/ Poa (8) 
Neglecting heat release and transfer, let us write the system (1)—(3) in the form 
; dp’ _,dxV' 
V —_ ————i —<=<$<—=. 

( *) dx ms xdx 
i 9 
=z)" aad a er 0) 

k dx ' ax 





1 dp' dxV' 
2) 1-—|p'+(V' +y p’ =0 
( i} OSA) Pe 


with boundary conditions at x=1 
pe’ =(v+1)/(y-1), V' =2/(y-1), p’=2(y-1) (10) 
The position of the piston is determined by the point where V =x. The pressure on p, piston can be expressed 


through the piston speed. 
Px =K,,Poa°, (11) 


where “resistance coefficient” K,*0,9 (K,=p (a)a2/a2,) is deduced from the numerical solution of the system (9). 


We neglect the radiation and assume that 


at (12) 
pe dr 
Let the temperature 7 in the channel be much greater than that required for the complete ionization, therefore, 


on the edge, 7 is much less than in the center. Let us suppose that 7=0 at r=a. We introduce dimensionless notations 


f° T lr(r V r}q 5S(V +r (13) 
= 2 2 0(s)= 2 u= Y= + , 
a’(t) is 0@2a\la a 2al|pa 2\a a 


where 7) is the temperature on the axis. We consider the pressure to be constant along the channel cross-section. 

If the heat is removed from the channel by a “clear emitter”, a simple self-similar solution can be specified for 
the channel area: pressure, temperature and density are constant over the cross section, and the speed is proportional to 
the radius. The temperature drop is concentrated in the shell. In the same place, the radiation is absorbed and the 
ionization of the gas entering the channel takes place. Considering the shell to be thin, it is possible to obtain a system 
of equations for the main parameters of the channel. In general, you can use these equations to estimate them as a 
mathematical model that describes, although roughly, the main processes in the channel. This takes into account the 
approximate action of ultrasound and thermal conductivity [7]. 

The energy balance equations for the channel and the shell have the form 











dW dna (14) 
—= =0.+0,, 
a a 2; +2 
(15 
[er2 | 949, ) 
p) dt 


where M, W is the mass and energy of the gas in the channel. The equation (15) is obtained by integrating (3) 
over the cross section of the channel (including the shell) without assuming the form of distribution of values over the 
cross section. For a homogeneous model, let us suppose 
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W=M-s,M=n-a’p. 
The equations (14), (15) are the consequence of the law of energy conservation. The expressions for the release 
of heat Q; due to the electric field and heat Oy due to the ultrasonic field, as well as for the heat removal by radiation Op 
and thermal conductivity QO; , can be taken as 


O,=;'/na’s, O,=no (16) 
0,=na¢O(pT), O,=1,3-20y T (17) 


where @is the frequency of ultrasonic vibrations, 77 is the dimensional coefficient. 
Comparing (14) and (15), we obtain that 


O, +O, =» (Q,+Q,) . (18) 
where J is a coefficient of the Ist order. If T is independent of ¢, then 
aa aul i (19) 
=y|1+(y-1)2a’ 
Bayt) - ) 


Let us consider the channel in air with the conductivity of oO =2'10'4sec"; Kp=0.9; v=1.2; j~t; hence & =4,5. 
For the radius of the channel, we get the expression 





a =0,93(1+0) p76 i412 eo) 


Here, a is measured in mm, j — in kA, ¢— in pts; Pp =1.29'10° g / cm’ under the atmospheric pressure. If the 
shock wave is weak, the radius is similarly deduced from (19). 
Table 1 gives values of the radius calculated by the formula (20), with different values of @ and ¢ (1s) at the 


discharge voltage V=30 V, and the battery capacity c=0.15 pF, and inductance of circuit L=4 nH (corresponding to 
j=V/L=7.5 10° Alsec). 




















Table 1 
The channel radius for different values of 6 t 

T 

6 0.3 0.5 1 

0 0.65 1.00 1.62 

1 0.73 1.12 1.82 

2 0.78 1.20 1.95 

3 0.82 1.26 2.04 














Let us estimate the temperature in the channel. We believe that [t ~1, for the same discharge as above at the 
time f=1 ps at L=4 nH we have that O,+Q, = (1+0)1,7-10" erg / cm sec. If we assume that all heat is transferred by 
the electronic thermal conductivity, and the radiation is neglected, we obtain that 
T4(1+O0)eV. Taking T=4eV we find that the number of ions per unit volume in this case is n; =9.1017, which in order 
corresponds to the experimental values. 

Discussion and Conclusions. Based on the constructed approximate model, the following conclusions can be 
made about the effect of ultrasound on the development of the spark channel. 

1. The radius of the channel increases by (1+0)1/6 times in comparison with the case when there is no 


ultrasound, where 0 is the ratio of the energies of the electric and ultrasonic fields. 


2. The temperature in the channel increases proportionally (1+9) under the assumption that the outflow of heat 
is carried out by the electronic thermal conductivity. 

3. Already at the moment of the shock wave formation, almost complete ionization occurs in the channel, and 
conditions for double ionization at high ultrasound energies can be created. 
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